Epstein-Barr virus (EBV) is a human tumor virus associated with a number of malignancies (26) . EBV's target in vivo is the B lymphocyte. Infected primary B lymphocytes are stimulated to leave G 0 and cycle indefinitely by activation of cell signaling pathways (31, 32) . The activation process results from a combination of receptor-mediated signaling triggered by virus binding to CR2 on the B lymphocyte and mimicking of B-cell activation signaling pathways by viral gene products. Thus, EBV has evolved to take advantage of existing signaling pathways in B cells that culminate in B-cell activation and differentiation (33) .
One viral "mimic" is the latent membrane protein 1 (LMP-1), a latent gene product essential for B-cell immortalization by EBV. LMP-1 is a polytopic membrane protein with six membrane-spanning segments fused to intracellular amino and carboxy termini (N and C termini) (Fig. 1) . LMP-1 signal transduction closely resembles that of CD40/CD40 ligand in that LMP-1's and CD40's carboxy-terminal signaling domains bind cellular tumor necrosis factor receptor-associated factor (TRAF)/tumor necrosis factor receptor-associated death domain (TRADD) proteins and activate NF-B and Jun kinase (JNK) pathways, resulting in cell survival and proliferation (6, 10) . The TRAF/TRADD binding C termini of the two signaling proteins are in fact interchangeable (7, 16) .
Importantly, unlike CD40, whose activation is ligand dependent, LMP-1 activation is constitutive. Both ligand-stimulated CD40 and LMP-1 are found in "lipid rafts," as defined operationally by their fractionation with detergent-resistant membranes and colocalization with known lipid raft-associated signaling proteins (3, 17, 19) . CD40 activation or LMP-1 expression results in TRAF3 recruitment to lipid rafts, suggesting the formation of a lipid raft-organized signaling complex (17, 19) . Recent results support a model in which LMP-1's constitutive activation results either from formation of a ligand-independent, oligomerized TRAF/TRADD binding domain composed of an unknown number of LMP-1 monomers, from LMP-1's lipid raft association, or from a combination of both (19) . Targeting LMP-1's C terminus to lipid rafts by tagging with the 10-amino-acid myristoylation/palmitoylation sequence from the Yes oncoprotein activates C-terminal NF-B signaling (19) . Interestingly, although TRAF3 is localized with LMP-1 in lipid rafts, TRAF2 and TRAF1, critical players in C-terminal signaling, are not detectably colocalized with LMP-1 in lipid rafts (17) . It is not yet clear how lipid raft targeting regulates LMP-1's signaling activity. Both lipid raft association and oligomerization require LMP-1's N terminus/ transmembrane domain (TMD) (14, 17, 19) . However, whether lipid raft association is required for oligomerization or vice versa has yet to be determined. Together, these results are consistent with a model in which LMP-1 signaling complexes consist of higher-order LMP-1 oligomers to which signaling proteins bind and whose activity is regulated by lipid raft association. Signals transduced by LMP-1 to NF-B and JNK activation minimally require LMP-1's cytoplasmic C-terminal signaling domain so long as it is either linked to a transmembrane and extracellular domain, rendering it ligand dependent (or crosslinkable), or targeted to lipid rafts (11, 14, 19) . LMP-1's N terminus-transmembrane domain (N terminus/TMD) contributes to LMP-1 signaling in a complex manner. This domain is essential for positioning the C-terminal signaling domain in the cytosol to allow coupling to intracellular signaling molecules (4) . More importantly, the N terminus/TMD plays a critical and sufficient role in LMP-1 homo-oligomerization and lipid raft targeting, both of which contribute to constitutive activation of signaling (14, 17, 19) . Intriguingly, replacement of CD40's extracellular domain/TMD with LMP-1's N terminus/ TMD results in a more active NF-B signaling complex than that resulting from activation of wild-type CD40 by CD40 ligand (19) . Thus, LMP-1's N terminus/TMD constitutes a more potent activating domain than does CD40's ligand-activated extracellular domain/TMD. These findings suggest strongly that LMP-1's TMD must possess properties, in addition to the oligomerization/lipid raft targeting properties shared by CD40, that contribute to the efficiency of constitutive LMP-1 signaling.
LMP-1 exerts a cytostatic effect on the cell when expressed at elevated levels (12, 15, 18) . This negative growth regulation results from induction of cytostasis rather than cell death (12, 18) . Negative growth regulation by LMP-1 was initially recognized as inhibition of cell proliferation and detected by the failure of LMP-1 transfectants to produce progeny (15, 18) . LMP-1-induced cytostasis does not require LMP-1's previously identified C-terminal signaling activities but rather depends solely on the N terminus/TMD (18) . Thus, cytostasis represents an LMP-1 activity that is independent of signaling functions elicited by LMP-1's C terminus. Without a cytoplasmic N-terminal sequence, the TMD cannot activate cytostasis (4, 18) . A positively charged cytoplasmic N terminus of unrelated sequence but of similar charge and size can replace LMP-1's cytoplasmic N-terminal sequence in cytostasis, indicating that FIG. 1. Schematic of LMP-1 and LMP-1 variants used in this study: comparison of full-length LMP-1, TMD1,2, TMD1,2⌬55/mycHis, lyLMP-1, ⌬25-132, and mycASGPR/LMP-1. TMD1,2 lacks TMDs 3 to 6; TMD1,2⌬55/mycHis is a Myc-and His-tagged deletion of TMD1,2 lacking residues 331 to 386 of LMP-1; lyLMP-1 lacks the cytoplasmic N terminus and first four TMDs (residues 1 to 128); ⌬25-132 is essentially lyLMP-1 with the wild-type LMP-1 cytoplasmic N terminus fused to TMD 5 (15) ; mycASGPR/LMP-1 is a chimera in which LMP-1's cytoplasmic N terminus was replaced with a Myc-tagged heterologous N terminus from the H1 asialoglycoprotein receptor (ASGPR) (4).
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the absolute sequence of the cytoplasmic N terminus is not a critical determinant (4) . LMP-1's TMD has been proposed to promote cytostasis via interaction with and regulation of putative signaling molecules (i.e., receptors) in the plasma membrane in a manner akin to the E5 oncoprotein's specific association with and regulation of the platelet-derived growth factor receptor (5, 18) . The relationship between LMP-1's cytostatic activity and lipid raft association/oligomerization is not understood except for the fact that all three activities require LMP-1's N terminus/TMD. Taken together, these results strongly suggest that LMP-1's multimembrane-spanning TMD plays an active role in LMP-1 signaling, a role beyond that of a simple membrane anchor. LMP-1's TMD contributes to constitutive activation of C-terminal signaling via two key activities, oligomerization and lipid raft association. Furthermore, the TMD is a critical activator of negative growth-regulatory signaling, independent of C-terminal signaling. These findings support a model in which LMP-1's TMD contributes, via distinct and separable activities, to LMP-1's constitutive C-terminal signaling and negative growth regulation.
Because of the complex and intriguing contribution of LMP-1's TMD to all aspects of LMP-1 signaling, we have begun an in-depth analysis of the contribution of the TMD to LMP-1 function. We found that the first and second TMDs, in the absence of TMDs 3 to 6 and when preceded by the N-terminal cytoplasmic tail, are sufficient to activate cytostasis and lipid raft targeting. TMDs 1 and 2 retained the ability to activate C-terminal signaling but not as potently as LMP-1. Of particular interest is the inability of this minimal TMD to mediate homo-oligomerization and TRAF binding. Our results show that TMDs 1 and 2 and TMDs 5 and 6 are not functionally equivalent and identify TMDs 1 and 2 as a key subdomain harboring a subset of the functions of LMP-1's larger TMD. Furthermore, we provide evidence that oligomerization and lipid raft association are separable activities of LMP-1.
MATERIALS AND METHODS
Plasmids. pCMV-TMD1,2, is a pcDNA3-based vector encoding LMP-1's cytoplasmic amino terminus, TMDs 1 and 2, and the C-terminal signaling domain (Fig. 1) . Sequences following TMDs 1 and 2 and preceding the cytoplasmic C terminus were deleted by PCR. The resulting sequence encodes amino acids 1 to 76 and 192 to 386 in frame, with no heterologous residues at the junction. pCMV-LMP-1 and pCMV-lyLMP-1 are pcDNA3-based vectors encoding LMP-1 and the N-terminally truncated LMP-1 protein (referred to as lyLMP-1), respectively (4, 9) . ⌬25-132 is a deletion mutant of LMP-1 lacking TMDs 1 to 4 and has been described previously (15) . mycASGPR/LMP-1 is an LMP-1 chimera in which the wild-type LMP-1 cytoplasmic N terminus has been replaced with a Myc-tagged N terminus from the H1 asialoglycoprotein receptor (AS-GPR) (4) .
pRSV-LMP-1, pRSV-TMD1,2, and pRSV-lyLMP-1 are pRc-RSV-based vectors (Invitrogen). pCMV-LMP-1myc was constructed from pCMV-LMP-1 and encodes the 10-amino-acid Myc epitope at LMP-1's C terminus. C⌬55 encodes the LMP-1 mutant C⌬55, which lacks the last 55 codons from the C terminus (24) . N⌬25 encodes the LMP-1 deletion mutant N⌬25, which lacks the first 25 codons from the N terminus (25) . pCMV-TMD1,2⌬55/mycHis and pRSV-TMD1,2⌬55/mycHis encode a C-terminal deletion of TMD1,2 lacking LMP-1's last 55 amino acids in Myc-His expression vectors (Invitrogen); TMD1,2⌬55/ mycHis encodes both Myc and His epitopes at its C terminus. p1242 is a luciferase reporter plasmid encoding the luciferase gene driven by the minimal fos promoter with three upstream B binding sites from the major histocompatibility complex class I gene (gift of Bill Sugden [27] ). pCMV-TRAF1/HA-1, pCMV-TRAF2/HA-1, and pCMV-TRAF3/HA-1 encode hemagglutinin (HA)-1-tagged human TRAF1, TRAF2, and TRAF3 and were gifts from B. Sugden (29) .
Antibodies. Anti-LMP-1 antiserum is an affinity-purified rabbit polyclonal serum raised against LMP-1's C terminus (residues 188 to 352) fused to glutathione S-transferase (8) . Monoclonal antibodies recognizing the Myc (9E10) and HA-1 (F-7) epitopes were from Santa Cruz Biochemicals. Anti-rabbit immunoglobulin secondary antibodies conjugated to horseradish peroxidase and fluorescein isothiocyanate were from Promega and Sigma, respectively. Cells and transfections. 293 cells are an adherent human embryonic kidney carcinoma cell line grown in Dulbecco's modified Eagle's medium with 10% fetal bovine serum; HEp2 is an adherent cell line grown in Dulbecco's modified Eagle's medium with 10% calf serum. Cells were electroporated with a Bio-Rad gene pulser and harvested 1 to 2 days posttransfection (4) .
Western analysis. Transfected cells were harvested and lysed in 4ϫ sodium dodecyl sulfate (SDS) sample buffer, boiled, and resolved on 10% acrylamide gels (4) . Proteins were transferred to Immobilon (Millipore), and blocked for 1 h in phosphate-buffered saline-5% milk-0.1% Tween 20. Blots were then incubated with primary antibody (1:4,000 anti-LMP-1 antiserum) and secondary antibody (1:5,000 horseradish peroxidase-conjugated anti-rabbit immunoglobulin antibody). Blots were visualized by enhanced chemiluminescence according to the manufacturer's instructions (Amersham).
Flotation assays. 293 cells ( 10 7 ) were electroporated in duplicate with 5 g of cytomegalovirus (CMV)-based LMP-1 expression vectors and harvested 2 days posttransfection. Lipid raft association was assayed as described previously (17) . Samples were solubilized in MNE buffer (25 mM MES [morpholineethanesulfonic acid, pH 6.5], 150 mM NaCl, 5 mM EDTA) containing 0.2% Triton and protease inhibitors (aprotinin, pepstatin, leupeptin, and phenylmethylsulfonyl fluoride) and homogenized with 10 strokes of a Dounce homogenizer on ice. Samples were mixed 1:1 in MNE containing 80% sucrose, placed in a 5-ml ultracentrifuge tube, and overlaid with 2 ml of 30% sucrose-MNE and then with 1 ml of 5% sucrose-MNE. Samples were centrifuged at 40,800 rpm in an SW50.1 rotor (Beckman) for 18 h at 4°C. Gradients were fractionated by taking 400-l fractions (14 total) from the top of the gradient, which were then added to 200 l of 4ϫ SDS sample buffer. Extracts were resolved by SDS-polyacrylamide gel electrophoresis (PAGE), transferred to Immobilon, and stained with anti-LMP-1 antiserum.
Cytostasis assay. Cytostasis assays were performed as described previously (4) with a modification of the procedure reported by Kaykas and Sugden (18) . HEp2 cells were transfected by electroporation and immediately plated at clonal density in six-well plates on coverslips. Cells were grown for 96 h and fixed in acetone-methanol (1:1) for 20 min at Ϫ20°C. Coverslips were blocked in phosphate-buffered saline-1% calf serum and stained with 1:50 anti-LMP-1 antiserum followed by 1:40 fluorescein isothiocyanate-conjugated anti-rabbit immunoglobulin secondary antibody (Sigma). Coverslips were mounted on slides with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) mounting medium. Slides were visualized under a Nikon Eclipse E800 fluorescent microscope (40ϫ objective), and images were captured with a Cooke SensiCam digital camera with SlideBook software. All colonies on a given coverslip were scored for the number of positive (LMP-1-immunoreactive) cells and expressed as number of positive cells per colony. A total of 500 colonies were scored for each transfection.
Activation of NF-B. Subconfluent 293 cells were cotransfected by electroporation in duplicate with 2.0 g and 7.0 g of RSV-LMP-1 expression vectors and 1.0 g of p1242 (luciferase gene under the control of three B binding sites upstream of a minimal fos promoter [27] ). Cells were harvested 48 h posttransfection, and extracts were assayed for luciferase activity with the Dual Light assay kit from Tropix. Luciferase values were averaged for each sample, and data are expressed as a percentage of maximal LMP-1 activation. Data shown are representative of four independent experiments.
Oligomerization assay. 293 cells transfected with CMV-based vectors were harvested 48 h posttransfection, and lysates were prepared for immunoprecipitation as described by Coffin et al. (4) . Anti-Myc (9E10) antibody was used as the immunoprecipitating antibody. Immunoprecipitates were recovered with protein G-agarose (Boehringer), and beads were washed four times in 1ϫ radioimmunoprecipitation assay buffer. The final pellet was resuspended and boiled in 4ϫ SDS sample buffer. Immunoprecipitates were resolved by SDS-PAGE and transferred to Immobilon. Blots were stained with anti-LMP-1 antiserum and visualized by enhanced chemiluminescence as described above.
TRAF binding assay. 293 cells were electroporated with CMV-based expression vectors and harvested and lysed as described for the oligomerization assay except that 1ϫ complete protease inhibitor (Boehringer Mannheim) was added to the TNA lysis buffer (50 mM Tris [pH 7.4], 0.15 mM NaCl, 1% NP-40, 5 mM EDTA). Anti-HA-1 antibody F-7 was used as the immunoprecipitating antibody.
Immunoprecipitates were recovered and analyzed by Western blot as described above. 
RESULTS

Generation of TMD1,2.
To begin to dissect the contribution of individual TM domains to LMP-1 function, we generated an LMP-1 deletion mutant lacking TMDs 3 to 6 (Fig. 1) . TMD1,2 encodes LMP-1's cytoplasmic N terminus and TMDs 1 and 2 fused to the C-terminal signaling domain. TMD1,2 is similar in overall structure to the naturally occurring LMP-1 variant (lyLMP-1) in that both proteins encode a pair of TMDs fused to LMP-1's cytoplasmic C terminus. However, TMD1,2 encodes the cytoplasmic N terminus and the first pair of TMDs (1 and 2), whereas lyLMP-1 encodes the last pair of TMDs (5 and 6). Unlike TMD1,2, lyLMP-1 initiates at codon 129 of the LMP-1 open reading frame and thus is lacking the cytoplasmic N terminus. Proteolytic analysis of lyLMP-1 in intact cells demonstrated that, like LMP-1, lyLMP-1's C terminus was inside the cell (not shown). Additional controls used to identify activities associated with TMDs 1 and 2 included ⌬25-132, which is essentially identical to lyLMP-1 but encodes the wildtype LMP-1 cytoplasmic N terminus fused to TMD 5 (15) , and mycASGPR/LMP-1, in which LMP-1's cytoplasmic N terminus is replaced with a Myc-tagged N terminus from the H1 asialoglycoprotein receptor (ASGPR) (4) (Fig. 1) .
TMD1,2 was assayed for wild-type transmembrane insertion by chymotrypsin cleavage in intact cells (4) . Chymotrypsin cleaves LMP-1 in the first extracellular loop between TMDs 1 and 2 and has been used previously to demonstrate that the first loop is exposed to the outside of the cell (4, 21, 23). TMD1,2 was oriented across the plasma membrane, as is LMP-1 (N and C termini within the cell, hydrophilic loop between TMDs 1 and 2 outside the cell) (not shown). We next used TMD1,2 to determine if TMDs 1 and 2 contribute to or are sufficient for LMP-1's signaling activities and biochemical properties.
TMD1,2 associates with lipid rafts. LMP-1 signaling activity is correlated with its localization in the plasma membrane, specifically in lipid raft microdomains, where LMP-1 is thought to form an active signaling complex (17, 19) . LMP-1's cytoplasmic N terminus/TMD is required for lipid raft association (17) , but the sequences within LMP-1's TMD contributing to lipid raft association have not been identified. We therefore asked whether TMDs 1 and 2 were sufficient for lipid raft targeting. lyLMP-1, which does not home to lipid rafts (17) , and ⌬25-132, which is identical to lyLMP-1 but with LMP-1 residues 1 to 24 (cytoplasmic N terminus) fused to TMD 5, were used as controls for TMD1,2 in this assay. lyLMP-1, ⌬25-132, and TMD1,2 are similarly hydrophobic (i.e., all three possess two TMDs) and have the same large C terminus (Fig. 1) .
Human 293 cells were transfected with wild-type LMP-1, TMD1,2, lyLMP-1, ⌬25-132, and mycASGPR/LMP-1 expression vectors and assayed 2 days posttransfection for lipid raft association with a sucrose flotation assay (17) . Triton lysates were subjected to flotation through discontinuous sucrose gradients, the gradients were fractionated, and the fractions were assayed by Western blot (Fig. 2) . Lipid rafts floated toward the top of the gradient (fractions 2 to 5), Triton-soluble material remained in the lower layer of the gradient (fractions 6 to 13), and Triton-insoluble material was pelleted (fraction 14). Consistent with the results of Higuchi et al. (17) , LMP-1 was found in the lipid raft fractions (fractions 3 to 4) as well as in the Triton-soluble fractions (fractions 7 to 13) and the Tritoninsoluble fraction (pellet). The sucrose flotation profiles of TMD1,2 and LMP-1 were indistinguishable in that both proteins were clearly present in the lipid raft fraction. In contrast, lyLMP-1 was excluded from lipid rafts, as reported previously (17) . Importantly, ⌬25-132 was indistinguishable from lyLMP-1 and mycASGPR/LMP-1 was indistinguishable from wild-type LMP-1 in their sucrose flotation profiles, ruling out a role for LMP-1's cytoplasmic N terminus in lipid raft homing. TMD1,2, lyLMP-1, and ⌬25-132 were detected at low levels or not at all in the Triton-insoluble pellet, whereas LMP-1 and mycASGPR/ LMP-1 were easily detectable. These results demonstrate that TMDs 1 and 2 of LMP-1 but not the cytoplasmic N terminus or TMDs 5 and 6 possess lipid raft targeting activity.
Cytostasis induction by TMD1,2. LMP-1 has long been known to negatively regulate cell growth when expressed at elevated levels in cells. We next asked if TMDs 1 and 2 play a role in LMP-1-mediated cytostasis by using a modification of the clonal assay described by Kaykas and Sugden (18) . HEp2 cells were transfected with expression vectors encoding Colonies with four immunoreactive cells were observed most frequently for lyLMP-1. In addition, the morphology of LMP-1-and TMD1,2-immunoreactive cells was indistinguishable (very large cells, frequently multinucleated) and distinct from that of lyLMP-1. Western analysis showed that the levels of expressed LMP-1, TMD1,2, and lyLMP-1 were equivalent (not shown), suggesting that although TMD1,2 was cytostatic, it was less efficient than LMP-1 in this regard. It is important to note that ⌬25-132, which is equivalent to lyLMP-1 except that it encodes the N-terminal cytoplasmic domain fused to TMD 5 (see Fig. 1 ), is not cytostatic (15) . Furthermore, mycASGPR/ LMP-1, which encodes a heterologous cytoplasmic N terminus, exhibits nearly wild-type cytostatic activity (4). These results demonstrate that TMDs 1 and 2 alone can replace LMP-1's hydrophobic TMD in induction of cytostasis and strongly suggest that the cytoplasmic N terminus of LMP-1 does not contribute to this activity except to position the TMDs properly in the membrane. NF-B activation by TMD1,2. LMP-1, like CD40, activates NF-B via binding cellular TRAF proteins to its C terminus (6) . Since NF-B activation by LMP-1 requires the TMD, we next asked if TMDs 1 and 2 were sufficient for NF-B activation. Cells were transfected with LMP-1 expression vectors and an NF-B responsive luciferase reporter (4). TMD1,2 activated NF-B, but its concentration dependence differed from that of LMP-1. At low levels of expression (comparable to LMP-1 levels expressed in the 721 lymphoblastoid cell line), TMD1,2 resembled the inactive variant lyLMP-1 in its activity (Fig. 4 and data not shown (4, 9, 27 ). At higher levels of expression, TMD1,2 activated NF-B to the same high level as did LMP-1. LMP-1 activation but not TMD1,2 activation was biphasic under the conditions of our assay. NF-B activation by LMP-1, as monitored by reporter assays, has been shown previously to be biphasic with respect to the LMP-1 expression level: lower LMP-1 levels stimulate and higher LMP-1 levels inhibit NF-B activation (30) .
⌬25-132, like lyLMP-1, is inactive in this assay (27) , whereas mycASGPR/LMP-1 is indistinguishable from wild-type LMP-1 (4). Thus, TMDs 1 and 2 alone conferred constitutive activation upon LMP-1's C terminus but with a potency that differed from that of the complete TMD. The lack of activity of TMD1,2⌬55/mycHis (described in Fig. 1 ) in this assay indicated that activation by TMD1,2 was mediated by amino acids 331 to 386 of LMP, the C-terminal region encoding CTAR2.
Oligomerization of TMD1,2 with itself and with LMP-1. LMP-1's TMD is essential for homo-oligomerization. We next asked whether the first two TMDs were sufficient to mediate oligomerization by assessing the ability of TMD1,2 to oligomerize with LMP-1 by coimmunoprecipitation analysis (Fig.  5A and B) . 293 cells were transfected singly (Fig. 5A ) or in combination (Fig. 5B) with expression vectors encoding LMP1myc (Myc tag at C terminus), a C-terminal deletion mutant of LMP-1 (C⌬55), an N-terminal deletion mutant of LMP-1 (N⌬25), and TMD1,2. C⌬55 oligomerizes with LMP-1, and its faster mobility in SDS gels prompted its use as a resolvable LMP-1-interacting partner (4) . N⌬25 lacks the cytoplasmic N terminus but encodes the TMD and C-terminal signaling do- The only individually expressed protein immunoprecipitated with anti-Myc antibodies was LMP-1myc (Fig. 5A) . As predicted, C⌬55 coprecipitated with coexpressed LMPmyc, whereas N⌬25 did not (Fig. 5B) . TMD1,2 was undetectable in LMP-1myc/TMD1,2 coprecipitates, demonstrating that TMD1,2 did not oligomerize with LMP-1. To ask whether TMD1,2 could interact with itself, a C-terminally truncated and Myc-His epitope-tagged mutant of TMD1,2, TMD1,2⌬55/ mycHis (lacking residues 331 to 386, as in C⌬55), was employed (Fig. 1) . The two TMD1,2 mutants were expressed singly or together and immunoprecipitated with Myc antibodies (Fig. 5C) . TMD1,2⌬55/mycHis was easily resolved from TMD1,2 on SDS gels and efficiently precipitated with Myc antibodies. However, TMD1,2 was not coprecipitated from extracts of cells coexpressing TMD1,2⌬55/mycHis and TMD1,2. These results, together with the results in Fig. 5A and B, demonstrate that TMD1,2 does not interact detectably with full-length LMP-1 or with itself and suggest strongly that TMDs 1 and 2 do not mediate oligomerization in the absence of TMDs 3 to 6. This was unexpected, given the fact that TMD1,2 retained the ability to activate NF-B (Fig. 4) .
TRAF binding of TMD1,2. Oligomerized TRAFs bind to trimerized tumor necrosis factor receptor superfamily members (25, 28) , and by analogy, LMP-1 is thought to bind to TRAFs as a constitutive oligomer. Therefore, TMD1,2's in- ability to oligomerize with itself or LMP-1 suggested that it would be unable to bind to TRAF proteins. To test whether TMD1,2 could interact with TRAF proteins, 293 cells were transfected with the LMP-1, TMD1,2, or lyLMP-1 expression vector together with either TRAF1, TRAF2, or TRAF3 (all tagged with the HA-1 epitope from influenza virus hemagglutinin). Extracts were immunoprecipitated with anti-HA antibodies, and coprecipitating LMP-1 proteins were visualized by Western blot with anti-LMP-1 antiserum (Fig. 6A to C) . As expected, LMP-1 was detectable in TRAF1, TRAF2, and TRAF3 immunoprecipitates. Consistent with previous results, lyLMP-1 was not present in TRAF3 immunoprecipitates (9) and similarly was not detectable in TRAF1 or TRAF2 immunoprecipitates. Significantly, TMD1,2 was undetectable in TRAF1, TRAF2, and TRAF3 immunoprecipitates despite its ample expression in cotransfected cells (Fig. 6 ). These results demonstrate, perhaps not surprisingly, given that TMD1,2 does not oligomerize, that TMD1,2 does not interact detectably with TRAF1, TRAF2, or TRAF3.
DISCUSSION
An LMP-1 deletion mutant (TMD1,2), encoding LMP-1's N terminus and TMDs 1 and 2 fused to the C-terminal signaling domain (Fig. 1) , localizes to lipid rafts, is cytostatic, and activates NF-B with diminished potency relative to LMP-1 but does not oligomerize with LMP-1 or bind TRAF1, TRAF2, or TRAF3. TMD1,2 is oriented across the plasma membrane, as is LMP-1 (N and C termini within the cell, loop between TMDs 1 and 2 outside; not shown). TMD1,2 is indistinguishable from wild-type LMP-1 with respect to lipid raft association (Fig. 2) and exhibits nearly wild-type cytostatic activity (Fig. 3) . The sucrose flotation profiles (Fig. 2 ) and cytostatic activities (Fig.  3 ) of ⌬25-132, lyLMP-1, and MycASGPR/LMP-1 demonstrate that it is LMP-1's first two TMDs, independent of the cytoplasmic N terminus, that encode a lipid raft targeting signal and the sequence information required for negative growth regulation.
LMP-1's association with lipid rafts has been shown to require the hydrophobic TMD (17, 19) . LMP-1 colocalizes with TRAF3 in lipid rafts, and lipid raft association can activate C-terminal signaling (19) . Interestingly, TRAF1 and -2 do not colocalize with LMP-1 in lipid rafts but are found with LMP-1 in the Triton-insoluble fractions (cytoskeletal fraction) (17) . Thus, whether lipid raft-associated LMP-1 represents an active signaling complex remains to be determined. Our results with TMD1,2 strengthen the correlation between LMP-1's lipid raft association and activation of signaling. TMD1,2 does not oligomerize with itself ( Fig. 5) , nor does it bind TRAF1, TRAF2, or TRAF3 (Fig. 6) . Surprisingly, TMD1,2 retained the ability to activate NF-B, although with a different concentration dependence than LMP-1 (Fig. 4) . Furthermore, the ability of TMD1,2 to activate NF-B required residues 331 to 386, which encode CTAR2. These results suggest that NF-B activation by TMD1,2 may be TRADD mediated. Experiments to detect LMP-1 interactions with TRADD were inconclusive, and thus we were unable to test binding of TMD1,2 to TRADD directly. Together, these results suggest that TMD1,2's localization to lipid rafts may be sufficient for activation of signaling.
Intriguingly, the behavior of TMD1,2 is very similar to that of the LMP-1 mutant MYPALMP-1 reported by Kaykas and Sugden (19) . MYPALMP-1 encodes LMP-1's C terminus with the 10-amino-acid lipid raft targeting sequences from the Yes oncoprotein fused to its N terminus. Like TMD1,2, MYPALMP-1 localizes to lipid rafts and retains some but not all of LMP-1's NF-B stimulating activity, does not oligomerize and, although not reported by Kaykas and Sugden, presumably does not bind TRAFs. Thus, TMDs 1 and 2 and the myristoylation/palmitoylation sequences from Yes similarly activate signaling from LMP-1's C terminus, presumably via lipid raft targeting.
Our results with lyLMP-1 and ⌬25-132 (Fig. 2) demonstrate that TMDs 5 and 6, with or without the cytoplasmic N terminus, are not sufficient for lipid raft targeting. The lack of a role for the cytoplasmic N terminus in lipid raft targeting is strengthened by our results with mycASGPR/LMP-1 (Fig. 1) , which is indistinguishable in function (4) and in lipid raft association (Fig. 2) from LMP-1. These results, together with our findings of wild-type localization of TMD1,2 to lipid rafts, indicate that the first two TMDs of LMP-1 are sufficient for lipid raft targeting. These results, and those reported in Fig. 3 , demonstrate that individual TMDs 1 to 6 encode distinct activities involved in lipid raft association and cytostasis. TMDs 1 and 2 could encode LMP-1's lipid raft targeting sequence, or lipid raft targeting may result from lipid partitioning and could require a "pair" of LMP-1's first four TMDs. However, the inability of lyLMP-1 and ⌬25-132 to localize to lipid rafts argues against the latter scenario. Further work is needed to identify the nature of the lipid raft targeting activity encoded in TMDs 1 and 2.
LMP-1 expression in a number of cell backgrounds results in inhibition of cell growth. This LMP-1-induced cell proliferation phenotype was first observed as the failure of LMP-1-transfected cells to produce progeny (15) . LMP-1's negative proliferative effect has more recently been shown to result from cytostasis rather than cell death (12, 18) . The level of LMP-1 in the cell that is sufficient to induce cytostasis is just twofold greater than that expressed in EBV-positive lymphoblastoid cells (18) . The ability of LMP-1 to induce cytostasis is dependent on the TMD and independent of the cytoplasmic C terminus (18) . Our previous results (4), and those reported here, demonstrate that TMDs 5 and 6, whether expressed with (15) or without the cytoplasmic N terminus (Fig. 3) , cannot replace LMP-1's hydrophobic TMD in cytostasis induction. In contrast, TMDs 1 and 2 can replace TMDs 1 to 6 in cytostasis induction, albeit with somewhat reduced efficiency (Fig. 3) . Again, differences in activity between lyLMP-1 and ⌬25-132 versus TMD1,2 illustrate for the first time that the six TMDs are not functionally equivalent.
TMD1,2 activation of NF-B differs from activation by LMP-1 (Fig. 4) . Maximal activation of NF-B by TMD1,2 is indistinguishable from that by LMP-1 in our assay, but LMP-1 activates NF-B more potently than does TMD1,2. At low levels of expression, TMD1,2 is clearly less active than LMP-1 in NF-B activation (Fig. 4) and resembles the inactive lyLMP-1 in its activity (not shown) (4, 9, 27) . Previous results have shown that the ⌬25-132 mutant is indistinguishable from lyLMP-1 in this assay (27) , whereas mycASGPR/LMP-1 exhibits wild-type LMP-1 activity (4). At higher but equivalent levels of expression, LMP-1 and TMD1,2 activate NF-B to the same level. LMP-1 but not TMD1,2, activation of NF-B is biphasic (Fig. 4) . The inhibition of gene expression observed in response to higher levels of LMP-1 requires the N terminus and TMD and may be related to LMP-1's cytostatic activity (30) or may be mediated by an as yet unidentified activity originating from LMP-1's multispanning TMD. It is possible that NF-B activation by TMD1,2 is not biphasic because of differences between LMP-1 and TMD1,2 in efficiency of cytostasis induction (Fig. 3) or due to the fact that TMD1,2 lacks segments of LMP-1's TMD that are responsible for triggering inhibition of reporter gene activity.
Interestingly, TMD1,2 does not oligomerize with full-length LMP-1 or itself, nor does it bind TRAF1, TRAF2, or TRAF3 detectably ( Fig. 5 and 6 ). Thus, NF-B activation by TMD1,2 appears to be TRAF1-, TRAF2-, and TRAF3-independent.
TRAF-independent NF-B activation has also been observed for CD40 and is mediated by an unknown mechanism (1, 22) . TRAF-independent NF-B activation by CD40 is slower (i.e., takes longer to reach maximal activation) and of lower magnitude than TRAF-dependent NF-B activation (22) . The requirement for LMP-1 residues 331 to 386 in TMD1,2 activation of NF-B suggests the possibility that CTAR2 is involved, possibly via TRADD binding. Consistent with our results is previous work showing that LMP-1's C terminus can activate NF-B in the absence of oligomerization (and presumably TRAF binding) by addition of a lipid raft targeting signal from Yes (19) . The possibility that the nonoligomerized C terminus in TMD1,2 retains low but undetectable levels of TRAF binding which are sufficient to activate NF-B must be considered as well.
LMP-1's constitutive activation depends in part on its ability to interact with itself as an oligomer (6, 7, 11, 14, 16) . Tumor necrosis factor receptor superfamily members bind oligomerized TRAF proteins via their trimerized intracellular C termini (25, 28) . Likewise, LMP-1's oligomerized C terminus serves as a constitutive TRAF binding site. LMP-1 oligomerization requires the cytoplasmic N terminus/TMD, with the N terminus serving to orient the TMD correctly in the membrane and thereby promoting LMP-1/LMP-1 interactions (4, 14) . Examination of the sequence of LMP-1's TMD reveals a leucine zipper-like motif in TMD 1 (LSSSLGLALLLLLLALLFWLY, residues 21 to 41 of the B95-8 sequence [2] ), which could conceivably mediate interactions between LMP-1 monomers within the membrane. However, our results indicate that the first two TMDs of LMP-1, when expressed as a "pair" in the absence of TMDs 3 to 6, are not sufficient to mediate LMP-1's oligomerization. Our results with TMD1,2 are consistent with those recently reported by Kaykas et al. (20) , who showed that substitution of seven leucine residues in TMD 1 with alanines had no effect on homo-oligomerization (although it impaired NF-B activation). Furthermore, previous results argue strongly that TMDs 5 and 6 do not play a critical role in oligomerization when expressed in the absence of the first four TMDs (⌬25-132) (9, 13) . It is possible that the interaction between LMP-1 monomers requires a binding interface that is only generated in the context of all six TMDs or that TMDs 3 and 4 may form the interacting site. The inability of TMD1,2 to bind TRAF1, TRAF2, or TRAF3 (Fig. 6) is not surprising given the fact that this deletion mutant does not oligomerize with itself or with LMP-1 and thus cannot form an oligomerized C-terminal TRAF binding site.
A previously unanswered question is whether LMP-1 oligomerization is required for lipid raft association or cytostasis induction as it is for constitutive activation of TRAF-dependent C-terminal signaling activities. Our results with TMD1,2, which homes to lipid rafts but does not oligomerize with LMP-1 or with itself, suggest that oligomerization is not required for lipid raft association. These findings support a model in which oligomerization and lipid raft association are distinct and separable activities of LMP-1's TMD.
These data support our working hypothesis that the TMD encodes distinct and separable activities contributing to constitutive TRAF-dependent C-terminal signaling and negative growth regulation and suggest that lipid raft targeting information is encoded in TMD 1 and/or 2. Furthermore, the dif- Kaykas et al. (20) , in which TMDs 1 and 6 were shown to be functionally distinct. This is the first demonstration of an LMP-1 activity (lipid raft association and cytostasis) associated with TMDs isolated from LMP-1's polytopic TMD.
